Mass attenuation coefficient (m m ) Linear attenuation coefficient (m) Half Value Layer (HVL) Tenth Value Layer (TVL) Relaxation lengths (l) a b s t r a c t In the present study, the mass attenuation coefficient (m m ) has been calculated analytically for a locally developed shielding material, polyboron, and compared with the values obtained from the WinXCom code, a Windows version of the XCOM database at the photon energy range 0.001 MeVe20 MeV. A good agreement has been observed between these two values. The linear attenuation coefficients (m) and relaxation lengths (l) have also been calculated from the obtained m m values and their variations with photon energy have been plotted. For comparison, other four shielding materials-ordinary concrete, pure polyethylene, borated polyethylene and water have also been studied. The obtained result shows that m m , m and l strongly depends on the photon energy, chemical composition and density of the shielding materials. The values of m m and m of polyboron have been found greater than those of pure polyethylene and borated polyethylene but less than those of ordinary concrete and water at low photon energy range; and at the intermediate photon energy range (0.125 MeVe6 MeV), all the sample materials have approximately the same m m
Introduction
Due to the development of nuclear technology with time, various beneficial applications of different types of radiations in medicine, industry, agriculture and research as well as for nuclear power generation are increasing day by day. But a drawback to these peaceful uses of radiation is that if it is exposed to the personnel including other human beings, who are in vicinity of it beyond its permissible dose limit, a deleterious effect may be observed in them. When radiation is exposed to organs or tissues, it loses some its energy through different kinds of interactions and this loss of energy may ionize the atoms of the cell, destroying the normal chemical equilibrium of the cell and eventually can bring death to the cell. Therefore, the radiation must be attenuated enough to protect the personnel from the harmful effects caused by it and also enable them to work by using an apposite shielding material. The shielding used for this purpose is generally known as biological shielding.
To design and choose an appropriate biological shielding, it is necessary to have known its nuclear, structural and physical properties and also the characteristics of radiation impinging on it. The nuclear parameters that must be known to design and choose a shielding material are total mass attenuation coefficient (m m ), linear attenuation coefficient (m) for gamma rays which is related to Half Value Layer (HVL), Tenth Value Layer (TVL) and mean free path (l). Many research workers have determined the values of different shielding parameters in various ways (Akkurt, Akyıldırım, Mavi, Kilincarslan, & Basyigit, 2010; El-Khayatt, 2010; El-Khayatt & Akkurt, 2013; Elmahroug, Tellili, & Souga, 2013; Kucuk, Cakir, & Isitman, 2012; Madhusudhan Rao, Narender, Gopal Kishan Rao, Krishna, & Murthy, 2013; Md. Fakarudin, IqbalSaripan, Nor Pa'iza, & Ismail, 2011; Singh & Badiger, 2014; Yılmaz et al., 2011) to know the shielding effectiveness of the shielding materials developed with time.
It is widely known that hydrogenous materials are used as neutron shielding for their effectiveness of neutron moderation. When boron is added to these hydrogenous materials, it promotes the absorption of neutron and reduces secondary gamma radiation. On the basis of this, a neutron shielding material, termed "polyboron" was locally developed. The compositions of this material are polyethylene, boron ester and paraffin wax at a ratio of 16.5 : 37.5 : 46 by weight percentage. The density of this material is 0.971 g/cm 3 which is somewhat less than water density (1.0 g/cm 3 ). Some of the shielding properties of this locally developed material have been studied experimentally (Ahmed, Bhuiyan, Mollah, & Rahman, 1992; Huda, Bhuiyan, Ahmed, Mollah, & Mondal, 1998) . But almost no reports have been carried out on the m m , m, l, HVL, TVL for different photon energies. The main objectives of the present study are to determine the values of above parameters and to represent a comparison of shielding effectiveness of the sample materials used in the present work at different photon energy.
2.
Theoretical background 2.1.
Calculation of total mass attenuation coefficient and linear attenuation coefficient
When a gamma-ray beam traverses an absorber, the intensity of the beam will be attenuated according to the Beer-eLambert's law (Elmahroug et al., 2013) :
where I 0 and I are the unattenuated and attenuated gamma ray beam intensities, m (cm À1 ) is the linear attenuation coefficient, t (cm) is the linear thickness, m m ¼ m/r (cm 2 /g) is the mass attenuation coefficient and t d (g/cm 2 ) is the density thickness of the absorber sample. If the absorber density is r (g/cm 3 ), then the relationship between t and t d is given by, 2) and the relationship between m and m m is given by the following equation (Herman et al., 2009) :
The total mass attenuation coefficient, (m/r) compound or mixture for any chemical compound or mixture of elements is given by mixture rule (Elmahroug et al., 2013) :
where w i and (m/r) i are the weight fraction and mass attenuation coefficient of the ith constituent element, respectively. For a chemical compound, the fraction by weight (w i ) is given by,
where A i is the atomic weight of the ith element and n i is the number of formula units and Ʃ i w i ¼ 1.
The total linear attenuation coefficient, m compound or mixture of the compound or mixture can then be simply found by multiplying the total mass attenuation coefficient, (m/r) compound with its density, r. Thus,
Calculation of HVL, TVL and relaxation length (l)
Half Value Layer (HVL) is the thickness of a shield or an absorber that reduces the radiation level by a factor of 2 that is to half the initial level and is calculated by the following equation:
where m (cm À1 ) is the linear attenuation coefficient of the absorber. Similarly, Tenth Value Layer (TVL) is defined as the thickness of a shield required for attenuating a radiation beam to 10% of its radiation level and is computed by,
Calculation of relaxation length (l)
The average distance between two successive interactions is called the relaxation length (l). It is also called the photon mean free path which is determined by the equation:
J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 2 6 e3 4
where m is the linear attenuation coefficient and x is the absorber thickness.
Method of calculation
In the present work, the mass attenuation coefficient, m/r (cm 2 /g) for different chemical elements has been taken from Hubbell and Seltzer (1995) and the total mass attenuation coefficient and linear attenuation coefficient for five shielding materials e polyboron, ordinary concrete, pure polyethylene, borated polyethylene and water have been calculated analytically using Eqs. (4e6) at the photon energy of range from 0.001 MeV to 20 MeV. The computation of the mass attenuation coefficients of the above five sample materials has been carried out by the mixture rule by using the WinXcom software for the mentioned energy range to present a comparison between the calculated and X-com values. The m m , m, HVL and TVL values have also been calculated at the photon energy of some common gamma sources for the sample materials. The locally developed polyboron whose attenuation properties are studied in this work has been taken from Ahmed et al. (1992) Table 1 and 2).
Results and discussion

Total mass attenuation coefficient (m m )
The theoretically calculated values of mass attenuation coefficient, m m (cm 2 /g) using Eq. (4) and the X-com values of the five shielding materials for gamma rays of energy range from 0.001 MeV to 20 MeV have been shown in Table 3 . From this table, it is seen that the calculated and X-com values of m m are in good agreement. The variation of mass attenuation coefficient (m m) with incident photon energy of the five sample materials are represented by Fig. 2. From Fig. 2 , it is clear that gamma-ray mass attenuation depends on the incident photon energy and chemical composition of the materials and decreases with increasing incident photon energy. Fig. 2 shows the mass attenuation coefficient as a function of photon energy. It is observed that ordinary concrete has the highest mass attenuation coefficient over an approximate energy range 0.001 MeV to 0.125 MeV except at very low energy range (about 0.001 MeV to 0.0015 MeV). From this figure, it is seen that the mass attenuation coefficient of ordinary concrete rises abruptly to a maximum value at the approximate photon energy 0.0015 MeV and then decreases with the increase in photon energy (i.e. a peak is observed at about 0.0015 MeV). The highest mass attenuation coefficient of ordinary concrete is due to its containment of high atomic numbered elements which are more effective for gamma-ray attenuation. This can be explained by the three interactions of gamma rays with materials-photoelectric effect, pair production and Compton effect by which the incident photon dissipates its energy. Among the three interactions, photoelectric effect is favored by low energy photons and high atomic numbered absorbers and hence the ordinary concrete has the highest mass attenuation coefficient over that low energy range because photoelectric effect predominates at this range. When the incident photon energy is equal to the ionization or binding energy of an electron of the absorber atom, then the probability of ejection of that electron (i.e. J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 2 6 e3 4 photoelectric cross section) becomes the maximum. The peak is an indication of that and denotes the minimum photon energy required to eject the differently bound electrons. Thus the peak is found due to the absorption k-edge of the high Z elements (Na, Mg, Al, Si, K, Ca, S and Fe) that are present in ordinary concrete. Borated polyethylene which contains the maximum amount of boron (30%) by weight percent has the minimum mass attenuation coefficient. The relative high density (r ¼ 1.19 g/cm 3 ) of borated polyethylene which is less than the density of ordinary concrete (r ¼ 2.35 g/cm 3 ) but greater than the density of pure polyethylene, polyboron and water is also responsible for this. From Fig. 2 , it is also observed that the mass attenuation coefficient of polyboron is slightly less than J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 2 6 e3 4 that of water but greater than that of pure polyethylene over the above photon energy range 0.001 MeVe0.125 MeV. This can be explained by the presence of boron (4.75%) in polyboron while no boron additives are present in water. The order of the materials according to their decrease in mass attenuation coefficient over the mentioned energy range is, ordinary concrete > water > polyboron > pure polyethylene > borated polyethylene.
As the photon energy increases, from Fig. 2 , it is seen that mass attenuation coefficient decreases (and so as the photoelectric effect) and when the photon energy exceeds 0.125 MeV, the mass attenuation coefficient of all the shielding materials approximately possess the same value over a certain energy range. The reason is that at this intermediate energy range, Compton scattering predominates all the way and at this range, the ratio of atomic number to the atomic weight (Z/M) for all elements on which the mass attenuation coefficient depends is approximately equal to ½ except for hydrogen and the heavy elements (John et al., 1967) . This means that at those energies where Compton scattering is the dominant process, values of mass attenuation coefficient tend to be roughly the same for all elements and almost all materials have, on a mass basis, about the same gamma ray attenuation properties. When the photon energy exceeds 1.02 MeV, the pair production starts to be dominant for all the samples and increases with the increase of photon energy which is also responsible for the increase in mass attenuation coefficient. For the reasons discussed above, from Fig. 2 , it is clear that all the present sample materials possess approximately the same mass attenuation coefficient over an approximate photon energy range 0.125 MeVe6 MeV.
4.2.
Linear attenuation coefficient (m) Fig. 3 presents the linear attenuation coefficient (m) as a function of photon energy for all the sample materials. The shape of each graph remains the same but each of them changes by a factor according to the density of that material since the linear attenuation coefficient of each mixture is Table 4 e Total mass attenuation coefficient (m=r) and linear attenuation coefficient (m) of different sample materials for some common gamma sources.
Source Identity
Photon energy (MeV)
Polyboron
Ordinary concrete Pure polyethylene Borated polyethylene Water m/r (cm 2 /g) m (cm À1 ) m/r (cm 2 /g) m (cm À1 ) m/r (cm 2 /g) m (cm À1 ) m/r (cm 2 /g) m (cm À1 ) m/r (cm 2 /g) m (cm À1 ) simply found by multiplying its mass attenuation coefficient with its physical density. From this figure, it is seen that ordinary concrete has the highest linear attenuation coefficient over all the photon energy range due to its high density and the containment of high atomic numbered elements. The linear attenuation coefficient of polyboron is greater than that of borated polyethylene and pure polyethylene but less than that of ordinary concrete and water at the low photon energy range. So at this range, the shielding properties of polyboron for gamma rays are much better than those of pure polyethylene and borated polyethylene.
To clarify the above phenomena, Fig. 1 has been taken from X-com output that represents the variation of mass attenuation coefficient of polyboron with different photon energy for total and partial interactions. It is seen that at very low photon energy range, photoelectric absorption predominates over both the coherent and incoherent (Compton effect) scattering for a certain energy range and after that, Compton effect becomes the dominating interaction till the ending value (20 MeV) of the range. From this figure, it is also noticed that pair production begins at 1.02 MeV.
Relaxation length (l)
The relaxation length (l) is calculated from m by Eq. (9) of the five sample materials at the photon energy range 0.001 MeVe20 MeV and its changes with photon energy has been represented in Fig. 4 . Since the relaxation length (l) of any particular radiation represents the average distance between two successive interactions, the shielding properties of the present materials can be easily compared by studying this parameter for that particular kind of radiation. The less the relaxation length of a material, the better the shielding properties it possess. Mathematically this parameter (l) is equivalent to the reciprocal of linear attenuation coefficient (m) and the ordinary concrete hence has the lowest l over the entire photon energy range. From Fig. 4 , it can be concluded that the low energy photons can lose its energy in a short distance while high energy photons need a longer distance to lose their energy. It is also seen from this figure that the relaxation length of polyboron is less than that of pure polyethylene and borated polyethylene but higher than that of ordinary concrete and water at a certain low photon energy range. So polyboron is much better than borated polyethylene (and also than pure polyethylene) for gamma-ray attenuation over this energy range. 
4.4.
Total mass attenuation coefficient (m m ), linear attenuation coefficient (m), half value layer (HVL) and tenth value layer (TVL) for some common gamma sources
In Table 4 , the calculated total mass attenuation coefficient (m m ) and linear attenuation coefficient (m) of the five sample materials for some common gamma sources e 137 Cs (0.662 MeV), 60 Co (1.1732 MeV, 1.3325 MeV and the average of these two values, 1.25 MeV), 16 N (7.12 MeV), 131 I (0.364 MeV) and 24 Na (2.75 MeV) that are widely used in various purposes, have been shown and the plotting of variation of gamma-ray transmission factor (I=I 0 ) with shielding thickness at these source energies are shown in Figs. 5e11. Half value layer (HVL) and tenth value layer (TVL) are two important parameters in designing any radiation shielding since half value layer and tenth value layer indicates the required thickness of an absorber to reduce the radiation level to half and one tenth of its initial value respectively. The calculated HVL and TVL of the sample materials at the mentioned source energy have been shown in Table 5 . This study can be useful for selecting the appropriate shielding materials for these gamma sources. From Figs. 5e11, it is seen that for all the gamma sources mentioned above, ordinary concrete has the best shielding properties (since its transmission factor drops rapidly than that of any other of the four shielding materials with the increase in thickness). These figures show that gamma-ray transmission factor for these sources drops according to the following order: ordinary concrete > borated polyethylene > water > polyboron > pure polyethylene.
So for these gamma sources, ordinary concrete will be the best appropriate shielding while polyboron possess the fourth position on a thickness basis.
Conclusion
The present study concludes that the shielding effectiveness of any shielding material depends on its density, the types of chemical composition and the concentration of the elements that it contains. To design and select an appropriate shielding material, all the nuclear parameters associated with it should be studied thoroughly. In the current research, the gamma- Fig. 10 e Comparison of gamma-ray transmission factor as a function of shielding thickness for 24 Na (2.75 MeV) source. Fig. 11 e Comparison of gamma-ray transmission factor as a function of shielding thickness for 16 N (7.12 MeV) source.
Table 5 e Half value layer (HVL) and Tenth value layer (TVL) of different sample materials for some common gamma sources.
Source Identity
Polyboron
Ordinary concrete Pure polyethylene Borated polyethylene Water HVL (cm) TVL (cm) HVL (cm) TVL (cm) HVL (cm) TVL (cm) HVL (cm) TVL (cm) HVL (cm) TVL (cm) ray attenuation parameters have been studied for the locally developed shielding material, polyboron, and it has been found that this material possesses medial gamma-ray attenuation characteristics among the sample materials over a certain photon energy range (0.125 MeVe6 MeV) and at this energy range, it can be used as a biological shielding against gamma rays considering the cost, local availability and ease of fabrication. This study can also be utilized for improving the shielding performance of polyboron to make it a universal radiation shielding material and the theoretically computed results of the present study can be taken as a preliminary result and an additional experimental work based on it can be performed in future. In addition to that, it can be recommended to study the changes of attenuation properties of polyboron with the changes of concentrations of high and low atomic numbered elements present in it; and to develop a simplified empirical model for neutron and gamma ray transport calculations.
